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^ ! Abstract 

$-H ' In order to significantly raise the mass of tfie SUSY Higgs, we consider a radiative correction 

to it by heavy (~ 1 TeV) hidden sector fields, which communicate with the Higgs through rela- 
tively heavy "messengers" (300-500 GeV). The messenger fields {S, S) are coupled to the Higgs 
C^ynSHuHfi,'" yH ^ 0.7) and also to hidden sector fields with a Yukawa coupling of order unity. 
, The hidden sector fields are assumed to be large representations of a hidden gauge group, and so 

Q^i their scalar partner masses can be heavier than other typical soft scalars in the visible sector. Even 

Oh' with a relatively small yn (~ 0.2) or tan/3 ~ 10 but without top-stop's considerable contributions, 
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r~| ' the radiative correction by such hidden sector fields can be enhanced enough to yield the 125 GeV 

Higgs mass. 
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I. INTRODUCTION 

The solution of the naturalness problem and the gauge coupling unification are indeed 
the great achievements of the minimal supersymmetric standard model (MSSM). By super- 
symmetry (SUSY) in the MSSM, the smallness of the Higgs mass can be perturbatively valid 
up to the fundamental scale, and so the standard model (SM) can be naturally embedded in 
a unified theory in the Planck or string scale. The gauge coupling unification in the MSSM 
might be a strong evidence of it. 

Recently, the ATLAS and CMS collaborations reported the excesses of events for the 77, 
ZZ*' —7- 4/, and WW* — )■ 2/2z/ channels around 125 GeV invariant mass. They seemingly 
imply the presence of the Higgs with 125 GeV mass at 3a confidence level [l|. They might 
be accepted as the signals of the MSSM, since the 125 GeV Higgs mass is still inside the 
range that the MSSM admits, just assuming the relatively heavy stop (> a few TeV) |2|. 
Indeed the radiative correction by the top (tuj) and stop (tL,/?)? and the maximal mixing 
in (tLytn) via the SUSY breaking "A-term" can raise the Higgs mass up to 135 GeV in the 
decoupling limit of the CP odd Higgs [2|. For 125 GeV Higgs mass, however, the naturalness 
of the relatively light Higgs mass in the MSSM would now become seriously challenged with 
such a heavy stop. 

The naturalness problem of the Higgs mass may be much alleviated in the next-to-minimal 
supersymmetric standard model (NMSSM) Q]. In the NMSSM, the "/i term" of the MSSM 
is promoted to a trilinear superpotential ''ynSHuHd" introducing a singlet superfield S. It 
provides an additional F-term quartic coupling in the Higgs potential apart from the quartic 
potential coming from the D-term in the MSSM. Thus, the maximum mass of the lightest 
Higgs is modified as 
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I ^ Mlcos^2f3 + ylv^ sm^2f3 + Ami , (1) 



where v'^ = vl + v'^ ^ (174 GeV)^ and Am| indicates the radiative correction by the (s)top. 
In the MSSM {i/h = 0), for instance, the needed Am^|top is around (85 GeV)^ for the 
125 GeV Higgs mass. To obtain ruh ~ 125 GeV with smaller contributions of the (s)top, 
Am^ltop ^ (85 GeV)^ in the NMSSM, therefore, the coupling i/h should be larger than 0.5 
for tan/3 > 1. In the NMSSM, however, yn is stringently restricted by the Landau pole 
constraint, yn ^ 0.7 J3|. Moreover, only a quite narrow range of tan/3, 1 < tan/3 < 3, which 
gives almost the maximal values of sin^2/3, is allowed for O(IOO) GeV stop mass. 

The fourth generation of the SM particles or extra vector-like matter fields, if they exist 
at the electroweak scale and couple to the Higgs, can also contribute to Am| by adding 
extra radiative corrections to the Higgs mass j^. However, the introduction of new colored 
particles with an order one Yukawa coupling to raise the Higgs mass would exceedingly affect 
the production rate of two gluons to Higgs {gg — )■ h^) as well as the decay rate of Higgs to two 
gammas {h^ — )■ 77): they might result in immoderate deviations from the SM predictions for 
their rates, unless some new invisible Higgs decay channels open |5|. Moreover, for leaving 



intact the gauge coupling unification in the MSSM, the newly introduced extra vector-like 
matter fields should compose SU(5) or SO(IO) multi-plets. If the low energy theory is not 
embedded in SU(5) [or SO(IO)] grand unifications below the string scale but still keeps the 
gauge coupling unification as seen in many string models |6|, one needs to explore other 
possibilities for nih ~ 125 GeV. 

In this letter, we will propose a singlet-extension of the MSSM to achieve rrih ~ 125 GeV, 
in which the radiative correction by hidden sector fields mainly contributes to Am\. Since 
the radiative correction can be enhanced just with the MSSM singlets but without (s)top 
quark's significant contributions, the gauge coupling unification is maintained, and also the 
naturalness of the SUSY Higgs can be still supported by the relatively light stop. 

II. RAISING THE HIGGS MASS 

We consider the following singlet-extended superpotential: 

W = ynSH^Hd + nisS'S + y^'SNN + m^NN + VTmssm , (2) 

where (5, S) and (A^, N) are the neutral superfields under the SM gauge symmetry. For the 
simple presentation, in Eq. ([2]) we do not explicitly write down the relevant superpotential of 
the MSSM including the /i term. Since the /i term can be actually generated from the tadpole 
term of S, SUSY breaking "A-term" corresponding to the first term in Eq. ([2]), the bare /i 
term would not be essential. However, we will keep it to avoid unwanted Pecci-Quinn (PQ) 
symmetry breaking at the electroweak energy scale [7|. We suppose that the MSSM singlets 
N , N are proper vector-like n-dimensional representations of a certain hidden gauge group. 
They could survive down to low energies by the global symmetries discussed later. They 
can communicate with the Higgs sector through the "messenger" fields, 5* and S. Note that 
the "messenger" in this letter does not mean the conventional messenger mediating SUSY 
breaking from the hidden sector. They just play the role of connecting the Higgs and (A^, A^) 
sectors. By redefining the superfields, all the parameters in Eq. ([2]), i.e. hh, Vn, and ms can 
be made real. We will discuss later how the effective superpotential Eq. ([2]) can be obtained 
at low energies. 

As in the NMSSM, the superpotential Eq. ([2]) yields a quartic Higgs potential at tree 
level, i.e. by IdW/dSl"^, which could raise the MSSM Higgs mass if the Yukawa coupling 
constant yn was sizable. As mentioned above, however, the Landau pole constraint restricts 
the size of yn to be smaller than 0.7 [31]. In this letter, we are interested in the case that yn 
is small enough, 0.2 ^yn '^ 0.5, and also 3 < tan/3 < 10. In this case, the tree level quartic 
contribution "7/|^v^sin^2/3" in Eq. ([1]), which is the dominant correction in the NMSSM, 
becomes quite suppressed. On the other hand, y^ of order unity can avoid the Landau 
pole constraint, because the relatively strong hidden gauge interaction of A^, A^ can prevent 
blowing-up of y^ at high energies. We assume that y^ is of order unity at the electroweak 
energy scale. 



The SUSY mass parameter ms is assumed to be quite heavier than the Higgs mass, say, 
> 300 GeV. The origin of ms (and rrijsf) as well as the "/i" in the MSSM can be explained 
e.g. by the Giudice-Masiero mechanism [Sj. Since i/h is relatively small and ms is quite 
heavier than the Higgs mass, the mixing angles between the Higgs and singlet sectors are 
expected to be negligible. If yn is small enough, m| does not run with energy at one-loop 
level. 

As mentioned above, yjsf is of order unity. Accordingly, the soft mass squared of S , m|. 
can be suppressed or even become negative at low energies by the renormalization group 
(RG) running effect. We will assume Im^p < m|. On the other hand, the soft masses of N 
and A^, rriN and fhjj^ can be quite heavier than other soft masses including fhs at low energies. 
Actually, it is also possible by the RG effect for rriN, m^y, since the superfields, A^ and A^ 
are non-trivial representations under a non-Abelian gauge group in a hidden sector. We will 
set mjv = fnj^, which would be reasonable in large class of supergravity (SUGRA) models, 
if there is no other Yukawa interaction. Just for the simplicity of our future calculations, 
but considering the above discussions, we suppose the following hierarchy among the mass 
parameters in this model: 

^1 ^ /^^ ^ "^3/2. ^l^^l^ ^%,m%, (3) 

where m,"^,^ collectively denotes other typical soft parameters. Note that even with this 

hierarchy, the scalar component of S, i.e. S is still much heavier than the Higgs because of 
the SUSY mass m^s- 

The relevant scalar potential is given by 
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\H.^\' + \H,\'), (4) 



^soft = m\\S\^ + mll^p + m\\Hd\^ + ml\Hu\^ + [yHm^/2SHuHd + msm^/^SS + h.c.j , 

where m,^,^ and m,^,^ indicate the soft parameters of "A-" and "B-terms," respectively. Here 

we ignored the // term due to its relative smallness, and set (A^) = (A^) = due to their 
heavy masses. With the hierarchy in Eq. ([3]), the equations of motion for S, S yield 

{S) ^ - ' "l^ '"' {H^H,), 

< (5) 

ms 

Since the superfields A^, A^ couple to S in Eq. ([2]) and its vacuum expectation value (VEV) 
should be related to the Higgs VEVs at the minima of {S, S), N and A^ can get additional 
SUSY masses once the Higgs fields develop VEVs. The relevant diagrams are displayed in 
FIG. 1, where A^, A^ couple to the Higgs Hu, Hd through the off-shell S. Thus, the mass 
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FIG. 1: (a) Additional SUSY mass of the superfields N, N generated by the Higgs VEVs. (b) A 
contribution to the radiatively induced effective Higgs potential. The trilinear scalar couplings in 
(a) and (b) come from the cross term of I^VF/SS'p. 



squared of (A^, A^) becomes 

Mi = TUN - VhVn- ^ m;^ - 2 ynVN {HuHd) . (6) 
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By rolling up the A^, A^ lines of FIG. l-(a), the radiative Higgs potential or mass can be 
generated as seen in FIG. l-(b). 

The scalar components of A^, A^ possess, of course, the additional mass terms by SUSY 
breaking effects. Due to the mass difference between the fermionic and the bosonic modes of 
A^, A^, the one-loop effective Higgs potential is generated after integrating out the quantum 
fluctuations of A^, iV 0: 






(Mu.^f{.o.(^i^)-|}-M, {.,(§)- 5}; 



(7) 



where A denotes a renormalization mass scale. This effective Higgs potential by the hidden 
sector fields is valid only in the energy scales below the messenger scale ms'. above ms scales 
the non-renormalizable operator suppressed with ms in Eq. ([6]) cannot be regarded as a 
local operator any longer. With Eq. ([7]), the radiative mass correction can be estimated as 

^rnl = ^ (yN^) ' {yWsin^2P) iog!^i±^ . (8) 

47r^ \ ms J mj^ 

Compared to the case by the (s)top, which is the dominant correction in the MSSM, 

^rnlltop = -^{ytmtf sin^ (3 log "^* J^' , (9) 

where yt stands for the top quark Yukawa coupling, mt = ytv^ and the mixing effect by the 
"A-term" is ignored, we have several advantages to enhance the radiative correction to the 
Higgs mass in Eq. ([8]): we can take larger n (> 3) and heavier mj^ (> m^), leaving intact 



m^ (tan>3=5, mf/=l TeV, ms=300 GeV, yK=2, n=10) 
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FIG. 2: Contour plots for the lightest Higgs mass rrifi in the yu — iT^N plane. Here we set Arrihltop = 
(66 GeV)^, which corresponds to fht ~ 500 GeV at two-loop level, but turn off the mixing effect. 
The tree level contribution from the NMSSM is ignored. We fix the other parameters as shown in 
the figure. The thick dashed line corresponds to ruh = 125 GeV. 



the naturalness issue associated with the stop mass. Moreover, we can quite efficiently raise 
the Higgs mass using the factor {rriM /msY' in Eq. ([8]). As a result, the Higgs mass can reach 
125 GeV for 0.2 < yu < 0.7 and 3 < tan/3 < 10 with the relatively light stop {fht ^ 500 
GeV). See FIG. [2] and El 

In fact, large mixing in {tLitn) through the "A-term," Xt/mi = {At — ^cotp)/ mi ^ 2, 
where nii = ^/m^ + mf , is very helpful for raising the Higgs mass with relatively light stop. 
Particularly, the maximal mixing {Xt/nii ~ -\/6) can push the Higgs mass up to 135 GeV 
without any other helps |2| . As the mixing deviated from the maximal mixing, however, the 
enhancement effect drops rapidly. Without the mixing effect, thus, there is no way to raise 
the Higgs mass except for increasing the stop mass: the stop mass needed to achieve 125 
GeV Higgs is above a few TeV |2|. However, such a heavy stop mass gives rise to fine-tuning 
of 0.1 or 0.01 percent level among the soft parameters in order to get the Z boson mass of 
91 GeV. In our analysis, we turn off the mixing effect and set Am^|top by the (s)top to be 
around (66 GeV)^, which corresponds to fht ~ 500 GeV when the two- loop corrections also 
included. 

In the parameter ranges we have dicussed so far, Am^ in Eq. (jH]) dominates over the tree 
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FIG. 3: Lightest Higgs mass tti/^ = 125 GeV lines for various tan /3s in the yn — itt-s plane. Here 
we set Arri/il^Qp = (66 GeV)^, which corresponds to fht ^ 500 GeV at two-loop level, but turn off 
the mixing effect. The tree level contribution from the NMSSM is ignored. The other parameters 
are fixed as shown in the figure. 

level addition, yjjV^ sir? 2 (3. Normally a one-loop correction is hard to win a tree level result 
without extending a system. In our case, it is possible by introducing the (A^, A^) sector, 
which does not participate in the tree level addition. In our analysis, we do not include the 
tree level addition for increasing the Higgs mass. 

Apart from Eq. ([8]) we have another part containing logA in the second derivative of the 
potential Eq. ([7]), which renormalizes a soft parameter as in the radiative correction by the 



(s)top. In this case it does the "B/x" parameter 
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). [If one integrates out {N,N) first. 



this part also contributes to Eq. ([5]) through the induced tadpole potential for S. Inserting 
the extremum conditions for S, S in the potential, however, gives the same result discussed 
here.] Together with the RG solution of the m| appearing in the tree level potential, it 
makes a correction to m|: 
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(10) 



The parameters considered so far let 6712"^ inside the range of (600 GeV)^ - (1 TeV)" 



III. THE UV MODEL 

The low energy superpotential Eq. ([2]) can be derived e.g. by employing the following 
Kahler potential and superpotential: 



-ft'uv = -TT- [i^iJiuHd + ^5 5*51 + K^SS-A + h.c. , 



(11) 



where k's and y's are dimensionless couplings, and Mp denotes the reduced Planck mass 
(= 2.4 X 10^^ GeV). The forms of the Kahler and superpotential in Eq. (fTTl) can be controlled 
by the two continuous global symmetries, U(1)r and U(1)pq. Note that the two superfields, 
51,2 in Eq. (ITTl) should carry the same charges. The charge assignments for the superfields 
appearing in Eq. (ITTl) are presented in TABLE I. 
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TABLE L R and PQ charges of the superfields. The MSSM matter superfields carry the unit 
R charges. The up-type singlet (s)quarks and the Majorana (s)neutrinos carry also the unit PQ 
charges. N and N are assumed to be proper n-dimensional vector-like representations of a hidden 
gauge group, under which all the MSSM fields are neutral. 

The non-vanishing F-component of X (= Fx ~ m^i2Mp) causes SUSY breaking at the 
intermediate scale. Since Fx carries the U(1)r charge of —2, it breaks the U(1)r to Z2, which 
can be identified with the matter parity in the MSSM. The non-vanishing Fx also breaks 
the PQ symmetry completely: the presence of the several terms in the Kahler potential in 
Eq. (fTTl) and also soft SUSY breaking "A-" and "B-terms" induced by SUGRA effects break 
such continuous symmetries at the intermediate scale. 

The Kahler potential in Eq. (ITT]) can explain the smallness of ms as well as /i in the 
MSSM through e.g. the Giudice-Masiero mechanism |8|: it generates the desired jj, and ms 
terms in Eq. (jJ]). The "A-terms" corresponding to the last two terms in the superpotential 
provide the tadpoles of S, Z, and Vz Si + y^ 82- It thus generates the non-zero VEVs of 
order ^3/2 for S, Z, and one linear combination of Si 2, whereas the VEV of the other linear 
combination orthogonal to it still remains zero. We can identify the VEV, {yj^ Si + y^, S2) 
with mjy, and the other combination y^^ Si — y^ S2 with S appearing in the low energy 
superpotential Eq. (|2]). 



IV. CONCLUSION 

We have discussed the possibihty that the SUSY Higgs mass increases through the radia- 
tive correction by 1 TeV scale hidden sector fields, which can communicate with the Higgs 
via the messenger fields with around 300-500 GeV masses. We pointed out that even for 
0-2 <yH< 0.5 or 3 < tan/3 < 10, which is the excluded region in the NMSSM, 125 GeV 
Higgs mass can be naturally explained in a broad parameter space with relatively light stop 
masses (~ 500 GeV) but without their mixing effect. The fine-tuning problem associated 
with the light Higgs and heavy soft scalars can be avoided, basically because the mass pa- 
rameters considered for 125 GeV Higgs are all just around a few hundred GeV to 1 TeV. 
Consequently, the naturalness and gauge coupling unification in SUSY models can be still 
quite valid. 

Acknowledgment s 

BK thanks Kwang Sik Jeong and Hyun Min Lee for valuable discussions. This research is 
supported by Basic Science Research Program through the National Research Foundation 
of Korea (NRF) funded by the Ministry of Education, Science and Technology (Grant No. 
2010-0009021), and also by Korea Institute for Advanced Study (KIAS) grant funded by the 
Korea government (MEST). 



[1] ATLAS Collaboration, larXiv: 1202. 14081 [hep-ex] ; CMS Collaboration, larXiv: 1202. 14881 [hep-ex] . 
[2] For a review, see A. Djouadi, Phys. Rept. 459, 1 (2008). See also G. F. Giudice and A. Strumia, 

Nucl. Phys. B 858, 63 (2012). 
[3] For a review, see U. Ellwanger, C. Hugonie and A. M. Teixeira, Phys. Rept. 496, 1 (2010). See 

also S. F. King, M. Muhlleitner and R. Nevzorov. rarXiv:1201. 26711 [hep-ph]: Z. Kang, J. Li and 

T. Li, larXiv: 1201.5305] [hep-ph]. 
[4] T. Moroi and Y. Okada, Phys. Lett. B 295, 73 (1992); S. P. Martin, Phys. Rev. D 81, 035004 

(2010); J. L. Evans, M. Ibe, S. Shirai and T. T. Yanagida. larXiv:1201.26TT1 [hep-ph]. 
[5] N. Chen and H. -J. He. larXiv:1202.3072l [hep-ph]. 
[6] See, for instance, K. S. Choi and B. Kyae, Nucl. Phys. B 855, 1 (2012); J. E. Kim, J. H. Kim 

and B. Kyae, JHEP 0706, 034 (2007); J. E. Kim and B. Kyae, Nucl. Phys. B 770, 47 (2007). 
[7] J. E. Kim, H. P. Nilles and M. -S. Seo. larXiv:1201.6547l [hep-ph]. See also K. S. Jeong, Y. Shoji 

and M. Yamaguchi, larXiv:1112.1014l [hep-ph]. 
[8] G. F. Giudice and A. Masiero, Phys. Lett. B 206, 480 (1988). 
[9] S. R. Coleman and E. J. Weinberg, Phys. Rev. D 7, 1888 (1973). 



